We have investigated the structure and hydrogenation properties of a series of Ti, V, Zr, Nb and Ta based high-entropy alloys (HEAs) with varying degree of local lattice strain by means of synchrotron radiation X-ray diffraction, scanning electron microscopy, thermogravimetric analysis, differential scanning calorimetry and manometric measurements in a Sieverts apparatus. The result is then a combination of two bcc phases, one with a larger and * Corresponding author: magnus.moe.nygaard@ife.no Preprint submitted to International Journal of Hydrogen and Energy March 7, 2019 the other with a smaller unit cell than the original bcc alloy.
Introduction
High-entropy alloys (HEAs) receive attention due to their diverse and often extraordinary features such as excellent mechanical properties at extreme temperatures, superparamagnetism, a large magnetocaloric effect and superconductivity [1] . HEAs typically contain four or more principle elements in near-equimolar amounts that are randomly distributed over a single crystallographic site. Furthermore, they tend to form single-phase solid solutions with simple structures such as body-centred cubic (bcc), face-centred cubic (fcc) or hexagonal close-packed (hcp). Yang et al. have suggested that one can predict whether a HEA is able to form from the two parameters Ω and δr [2] . Ω is derived in [2] following a quasi-chemical approach and is given by Ω = T m ∆S mix |∆H mix |
where T m is the melting point temperature of the alloy, ∆S mix is the entropy of mixing and ∆H mix is the enthalpy of mixing. The δr parameter account for the atomic size mismatch of the constituent atoms within the alloy and is defined as
where r is the mean atomic radius and c i is the atomic percentage of the i th element with atomic radius r i . Hence, δr provides an estimate of the degree of local lattice strain within the HEA. To obtain an HEA one should according to [2] have Ω ≥ Ω c = 1.1 (3) δr ≤ δr c = 6.6% (4) Hydrogen storage has been suggested as an application area for HEAs as many of the elements commonly found in the alloys [3] form binary metal hydrides [4] . In general, the development of effective hydrogen storage systems is considered as crucial for widespread use of hydrogen as an energy carrier. Metal hydrides are attractive materials for such an application as they can achieve higher volumetric hydrogen densities than even liquid H 2 [5] .
Nevertheless, their applicability is often limited by low gravimetric hydrogen density, poor H 2 sorption kinetics, non-reversibility, demand of extensive activation procedures and the metal hydrides being too stable [6] [7] [8] . It is expected that the HEA-concept will allow a larger degree of tunability in the properties of the corresponding metal hydrides. However, hydrogen storage in HEAs is still in its infancy with only a few reported studies [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . A particularly interesting result is that a bcc (Im3m) HEA of TiVZrNbHf with (δr, Ω) = (6.08 %, 136.87) was reported to absorb hydrogen to form a pseudofcc metal hydride with a slight tetragonal deformation (bct, I4/mmm) and coarse powders for phase identification using a metal file. The rest was cut into smaller pieces with a long handled bolt cutter. These pieces were subsequently loaded into an in-house built Sieverts apparatus [26] where they were exposed to an activation treatment by heating to 350
• C under dynamic vacuum for 1-2 hours. The samples were then cooled to room temperature and exposed to hydrogen gas at ∼ 20 bar to obtain the corresponding metal were prepared by mechanical grinding using 220 grit SiC paper, followed by polishing using 9 µm, 3µm and 1µm diamond suspensions. Finally, the samples were polished using a H 2 O 2 :SiO 2 (1:5 ratio) mixture.
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were measured simultaneously with a heat flux type Netzsch STA 449 F3 Jupiter apparatus. In a typical measurement a ∼ 45 mg sample was placed inside an alumina crucible equipped with a pierced lid. The measurement was then conducted under flowing Ar at 50 mL/min. The samples were briefly exposed to air when they were loaded into the apparatus.
Results and discussion
Values for Ω and δr were calculated for all the investigated alloys using equation 1 and 2. In these calculations, values for r i and T m were taken from [25] , ∆H mix was calculated in the Miedema approximation [30] and ∆S mix was estimated with the Boltzmann formula. Table 1 shows that these sys- and those synthesized at 20 bar H 2 . Therefore, the hydrides synthesized at 80 bar H 2 will not be discussed further. Fig. 3 shows that both the bcc and The minimum for a fcc that allow simultaneous occupation of both tetrahedral and octahedral interstices without violating the Switendick criterion is shown in fig. 3 . From the figure, it is clear that the lattice parameters of the investigated hydrides are too small to expect the hydrogen atoms to occupy both the tetrahedral and octahedral sites in accordance with the 2Å rule.
However, such an analysis is based on the average structure. In HEAs with large local lattice strain the distance between the tetrahedral and octahedral lattice sites will deviate locally from the average. Thus, a fraction of the octahedral sites may be sufficiently displaced from the neighbouring tetrahedral sites to become available for hydrogen occupation. It is also possible that the lattice would expand sufficiently to allow simultaneous occupation of fig. 5 for TiVZrNbH x for which it occur at a slightly lower temperature.
To investigate whether the exothermic event is due to structural changes, laboratory PXD patterns of the desorbed hydrides were measured after TG/DSC.
The PXD patterns are shown in fig. 6 from which it is evident that the bcc indicates that the largest bcc phase is Zr-rich. Senkov et al. [24] have reported that no phase separation was observed when the bcc TiVZrNb HEA was annealed at 1200
• C for 24 hours. This indicates that the observed phase separation is induced when the hydrogen accommodated within the structure is desorbed, and not by the high temperature as such. To investigate the phase separation we have followed the hydrogen desorption processes by in situ SR-PXD. The SR-PXD patterns that were mea- The phase-seperation was further investigated with in situ SR-PXD. The phase-separation correlates with an exothermic event that was observed by TG/DSC at 530
• C. At this temperature, a strained fcc phase appear in the in situ SR-PXD measurements. It is eventually transformed into a C15-type Laves phase (F d3m). The experimental conditions prevent full dehydrogenation, but we expect that the C15-type Laves phase eventually transform to the bcc phase with largest unit cell.
